Like severe acute respiratory syndrome coronavirus (SARS-CoV), human coronavirus (HCoV)-NL63 employs angiotensin-converting enzyme 2 (ACE2) as a receptor for cellular entry. SARS-CoV infection causes robust downregulation of cellular ACE2 expression levels and it has been suggested that the SARS-CoV effect on ACE2 is involved in the severity of disease. We investigated whether cellular ACE2 downregulation occurs at optimal replication conditions of HCoV-NL63 infection. The expression of the homologue of ACE2, the ACE protein not used as a receptor by HCoV-NL63, was measured as a control. A specific decrease for ACE2 protein level was observed when HCoV-NL63 was cultured at 34 6C. Culturing the virus at the suboptimal temperature of 37 6C resulted in low replication of the virus and the effect on ACE2 expression was lost. We conclude that the decline of ACE2 expression is dependent on the efficiency of HCoV-NL63 replication, and that HCoV-NL63 and SARS-CoV both affect cellular ACE2 expression during infection.
Human coronaviruses (HCoVs) were previously associated with mild respiratory tract disease (common cold) that may cause more severe symptoms in young children, elderly or immune-compromised individuals (Bradburne et al., 1967; Falsey et al., 1997; Kraaijeveld et al., 1980; Macnaughton et al., 1981; Reed, 1984; van der Hoek, 2007) . In 2002-2003 the appearance of the severe acute respiratory syndrome (SARS), caused by a formerly unknown coronavirus (SARS-CoV), changed the perspective on the impact on human health by HCoV infections (Fouchier et al., 2003; Marra et al., 2003; Perlman & Dandekar, 2005; Perlman & Netland, 2009; Rota et al., 2003) . Soon afterwards, HCoV-NL63 was identified in 2004 as a novel respiratory virus pathogen (van der Hoek et al., 2004) , a wide spread virus that has been associated with the childhood disease croup (van der Hoek, 2007; van der Hoek et al., 2005) .
Angiotensin-converting enzyme 2 (ACE2) has been identified as a homologue to the well known ACE (Donoghue et al., 2000; Tipnis et al., 2000) . Both metalloproteases are involved in the renin angiotensin system (RAS) by regulating the blood pressure and body fluid homeostasis (Donoghue et al., 2000; Lambert et al., 2010; Tipnis et al., 2000) . Alterations in the balanced RAS have been implicated in playing a crucial role in cardiovascular and renal disease, lung injury and liver fibrosis outcome (Lambert et al., 2010) . SARS-CoV uses ACE2 as a receptor to enter its target cell (Li et al., 2003) . The downregulation of ACE2 expression levels in the lungs upon SARS-CoV infection has been linked with the pathogenicity of the virus , reflected by the protective role of soluble ACE2 during experimental acid-induced lung injury . Interestingly, HCoV-NL63 and SARS-CoV both utilize ACE2 protein as a receptor for cellular entry with overlapping binding regions, albeit the viruses differ in pathogenicity (Hofmann et al., 2005; Li et al., 2003 Li et al., , 2007 Smith et al., 2006) . Glowacka et al. (2010) reported for the first time differential aspects of SARS-CoV and HCoV-NL63 on ACE2 protein expression. Both viruses induce shedding of ACE2 with different efficiencies, although it is not a prerequisite for infectious entry (Glowacka et al., 2010) . Furthermore, it has been shown that the spike (S) protein of SARS-CoV binds with a higher affinity to ACE2 as compared with the S protein of HCoV-NL63 (Glowacka et al., 2010; Mathewson et al., 2008) . The downregulation of ACE2 protein expression on the cell surface was observed in context of SARS-CoV, but not HCoV-NL63 infection (Glowacka et al., 2010) . However, whether this difference was influenced by the higher replication efficiency of SARS-CoV under the conditions used was not investigated (Glowacka et al., 2010) . The levels of ACE2 protein expression in context of HCoV-NL63 replication were monitored in the African green monkey kidney derived cell line Vero-E6 at 37 u C ( Glowacka et al., 2010) . However, the reference strain of HCoV-NL63 (Amsterdam-01) was isolated from LLC-MK2 cells, and best replication of this strain is observed in either this cell line or in Vero-B4 (Schildgen et al., 2006; van der Hoek et al., 2004) . In order to keep HCoV-NL63 replication as efficient as possible we chose the most optimal culture condition for HCoV-NL63, so LLC-MK2 cells at 34 u C (van der Hoek et al., 2004).
To monitor ACE2 protein expression levels during HCoV-NL63 replication we inoculated LLC-MK2 cells with HCoV-NL63 at an m.o.i. of 0.007 or used an equal volume of mock-supernatant as control. Cells were harvested by scraping 0, 1, 2, 3, 4, 5, 6 and 7 days post-inoculation (p.i.) in ice-cold PBS, supplemented with 5 mM EDTA/EGTA (Sigma). A constant number of viable cells (1610 7 cells ml 21 ) were transferred into Laemmli sample buffer, after which the whole-cell lysate was sheared and boiled. An aliquot of 10 ml was layered on a 15 % SDS-PAGE gel, and after separation the cellular ACE2 protein expression levels were analysed by Western blot. Detection of ACE2 protein was performed by using goat-derived anti-human ACE2 ectodomain antibody (0.2 mg ml 21 , AF933; R&D Systems) as primary, and rabbit-derived HRP-labelled anti-goat IgG (1 : 5000; Sigma) as secondary antibody. The b-actin protein control was measured after membranes were stripped and reprobed with mouse monoclonal anti-bactin (0.4 mg ml 21 ; Sigma) and goat-derived, HRPlabelled, anti-mouse IgG (0.4 mg ml 21 ; Sigma) antibodies. The rhesus macaque ACE2 (805 aa, 85 kDa) appeared as a 120 kDa protein on Western blot, like the human glycosylated ACE2 protein (Jia et al., 2009; Warner et al., 2005) . This showed that the anti-human ACE2 ectodomain antibody recognizes the rhesus macaque ACE2 protein.
The cellular ACE2 protein levels of HCoV-NL63-infected LLC-MK2 cells showed a clear signal reduction beyond 3 days p.i., which was not observed in the mock control ( Fig. 1a ). To investigate whether this alteration in ACE2 protein expression level correlated with the HCoV-NL63 viral yield we monitored the RNA yield in the supernatant during the same time frame using real-time PCR (van der Hoek et al., 2010) . We observed that the ACE2 signal decrease coincides with the exponential increase of HCoV-NL63 production that starts from 3 days p.i. and reaches plateau levels at 5 days p.i. (Fig. 1c ). In accordance, the first signs of cytopathic effect (CPE) development were observed at 3 days p.i.
In addition to Western blot analysis, we used confocal microscopy to examine the ACE2 expression in HCoV-NL63-infected cells. LLC-MK2 cells were seeded upon coverslips and inoculated as described above. After 5 days p.i., the cultures were fixated and developed as described previously (Dijkman et al., 2009) . Coverslips were stained with serum from HCoV-NL63 nucleocapsid (N) protein immunized rabbits (1 : 400; Eurogentec) and goat polyclonal anti-human ACE2 ectodomain (2 mg ml 21 , AF993; R&D Systems), followed by incubation with donkeyderived, anti-rabbit IgG and anti-goat IgG [(H+L), 7.5 mg ml 21 ; Jackson Immunoresearch], conjugated with Dylight 649 and Dylight 594, respectively. We observed that at 5 days p.i., the vast majority of cells stained positive for the NL63 N protein, indicating that they are infected by HCoV-NL63 ( Fig. 1d ). No ACE2 protein was detected on the surface of the infected cells, whereas ACE2 protein was clearly visible in the mock-infected culture. Analysis of ACE2 expression at 3 days p.i. indicated that ACE2 expression is only abolished in HCoV-NL63-infected cells and not in an uninfected adjacent cell (Fig. S1a , available in JGV Online). This indicates that the downregulation of ACE2 only occurs in virus-infected cells and, based on the antigen amount and localization, this most likely occurs during the early phase of viral replication (Fig. S2) . Furthermore, we observed that not all LLC-MK2 cells express ACE2 on the surface, both at 3 and 5 days p.i. (Fig.  S1a and b) .
The strong reduction of ACE2 protein expression observed in our experiments could have occurred due to the activation of ACE2 shedding from the cell surface after the binding of HCoV-NL63 S protein to the cellular receptor (Glowacka et al., 2010) . Therefore, we investigated the level of soluble ACE2 in culture supernatant by using an ACE2 enzyme activity assay, in which substrate degradation by soluble ACE2 ectodomain is measured (Vickers et al., 2002) . No ACE2 shedding could be detected by the assay within culture supernatant from HCoV-NL63infected culture, nor control culture. In addition, stimulating ACE2 shedding with 10, 100 nM or 1 mM of phorbol 12-myristate 13-acetate, a known inducer for ACE2 shedding, did not show detectable ACE2 enzyme activity in the culture supernatant. Using serial dilutions of spiked recombinant human protein in complete culture medium revealed that our enzyme activity assay has a detection limit of 0.24 mg human ACE2 ml 21 , which is too high for the amounts of ACE2 in LLC-MK2 cells (data not shown). Therefore, we aimed to use Western blot analysis instead and increased the protein concentration by using serumfree medium (Optimem; Invitrogen), and after removal of cellular debris we concentrated the supernatant 50-fold, using centrifugal protein concentrators according to the manufacturer's instructions (Amicon Ultra, 30 kDa cutoff; Millipore). We harvested the supernatant at 0, 3 and 5 days p.i., and an aliquot of 10 ml concentrate was analysed with Western blot; however, we did not observe a difference in ACE2 shedding compared to the mockinfected cultures (Fig. S3a) . The viral N protein could be detected in an increasing fashion in the HCoV-NL63infected cultures using a specific NL63 mAb ( Fig. S3b ) (Sastre et al., 2011) , indicating that in our experimental setting ACE2 shedding could not be measured, most probably due to low number of cells that express ACE2 ( Fig  S1a and b) .
Attempts to culture HCoV-NL63 on various human cell cultures did not lead to efficient HCoV-NL63 replication, or reduction of ACE2 expression (data not shown). A likely explanation is that the replication of the virus in human cells was too weak to have an effect on ACE2. To examine whether ACE2 downregulation is indeed influenced by replication efficiency, we propagated HCoV-NL63 in LLC-MK2 cells under optimal and suboptimal conditions, 34 and 37 u C respectively. Cells and supernatant were harvested at 0, 1, 2, 3, 4 and 5 days p.i. to monitor cellular ACE2 protein levels via Western blot analysis as described above, with the adjustment that ACE2 and control bactin protein were measured via dual detection with donkey-derived, IRDye 800CW, anti-goat IgG (H+L) (0.2 mg ml 21 ; Rockland) and donkey-derived, Dylight 649-labelled, anti-mouse IgG (H+L) (0.3 mg ml 21 ; Jackson Immunoresearch) as secondary antibodies. Acquired images were analysed with the Odyssey application software package version 3.0 (Li-Cor) . The ACE2 protein signal was normalized against the corresponding b-actin signal. Quantified ACE2 concentrations from different blots were corrected for between-session variation (Ruijter et al., 2006) . Comparison of the cellular ACE2 protein concentration during HCoV-NL63 infection, at 34 and 37 u C, was done with two-way ANOVA, using the Bonferroni multiple comparison test with a threshold for significance of P-value ,0.05, in the Prism software version 5 (Graphpad).
At 34 and 37 u C, a CPE was visible at day 4, yet the effect was notably weaker at 37 u C. The total HCoV-NL63 viral yield at 37 u C increased only 1-log over time, whereas a 2log increase was detected at 34 u C (Fig. 2a) . In accordance, the amount of NL63 N protein within the cell lysate was lower under suboptimal conditions compared with optimal conditions (data not shown). Therefore, the lower viral yield detected in the supernatant was not due to reduced budding that may lead to the accumulation of virions within the cells. It was evaluated whether the difference in replication could be due to variation of the initial level of cellular ACE2 protein expression at these temperatures, yet no difference in initial ACE2 expression at both temperatures was noted (data not shown). Significant decrease of cellular ACE2 protein was detected 4 days p.i. (P5,0.01) in HCoV-NL63-infected cultures incubated at 34 u C (Fig. 2b), whereas no significant difference between cellular ACE2 protein levels was detected in cultures incubated at 37 u C (Fig. 2c) . These results suggest that downregulation of cellular ACE2 is related to the fold increase in viral yield of HCoV-NL63.
The m.o.i. value that is used for inoculation is of influence to the number of infected cells, and the measurability of the effect on infected cells. A difference in m.o.i. value might explain the discrepancy between our results and those from Glowacka and colleagues. In our experiment, we used an m.o.i. of 0.007 for HCoV-NL63, whereas Glowacka and colleagues used an m.o.i. of 0.0001. An m.o.i. of 0.0001 will, in the case of a 2-log increase of HCoV-NL63, result in 1-10 % of the cells infected, whereas an m.o.i. of 0.007 will result in infection of the majority of cells. As shown above, a majority of infected cells is required to measure the decrease in cellular ACE2 expression during HCoV-NL63 infection.
We observed the first signs of CPE development at 3 days p.i., which coincides with the decrease in ACE2 expression.
To determine whether the effect on ACE2 expression is HCoV-NL63-specific or an unspecific result of the CPE the virus is inducing, we used a control virus that replicates in LLC-MK2 cells with comparable efficiency as HCoV-NL63: human metapneumovirus (hMPV) (kindly provided by Oliver Schildgen, Institute for Pathology, Kliniken der Stadt Köln gGmbH, Private University of Witten/Herdecke, Cologne, Germany). The same m.o.i. value of hMPV was used as described for HCoV-NL63. The level of viral yield and cellular ACE2 expression was monitored for 5 days at 34 u C. The exponential increase of 2-log in hMPV viral yield is comparable to that of HCoV-NL63 ( Fig. 2a  and d) , as well as the development of CPE characterized by focal rounding without syncytia formation. However, the effect of infection on the ACE2 levels was different from the HCoV-NL63 effect. Until day 4, ACE2 levels are equal to the mock infection, so also during exponential rise in virus titres. Only at day 5 an intermediate decrease in ACE2 expression is observed compared with day 4, which is probably caused by the CPE development in combination with amino acid starvation ( Fig. 2e ). Unlike HCoV-NL63, hMPV cultures are maintained in serum-free medium supplemented with 0.025 % trypsin. Surprisingly, the presence of trypsin did not affect the cellular ACE2 protein level.
A final control to determine whether the ACE2 expression decrease is HCoV-NL63 replication-specific was provided by monitoring the levels of ACE during infection. ACE is the homologue of ACE2 that has an opposite biological role. The levels of ACE protein were determined by Western blot analysis within cell lysates of HCoV-NL63infected cultures, as described above using goat-derived anti-human ACE ectodomain antibody (2 mg ml 21 , AF929; R&D Systems). The concentration of ACE protein at 37 u C was higher compared with the concentration at 34 u C; however, both remained unaffected during HCoV-NL63 infection (Fig. 2f) . Thus, HCoV-NL63 infection specifically affects expression of its receptor ACE2. This phenomenon, decreased expression of a viral receptor during infection, has also been described for Epstein-Barr virus, hepatitis B, influenza C, measles and human immunodeficiency virus 1 (Aiken et al., 1994; Breiner et al., 2001; Marschall et al., 1997; Naniche et al., 1993; Tanner et al., 1987) . Future studies focusing on HCoV-NL63 cell entry should clarify which viral and cellular proteins are employed for the downregulation of ACE2.
In summary, we investigated whether the cellular level of the ACE2 protein, the receptor of HCoV-NL63, is affected by HCoV-NL63 infection. A robust decline in ACE2 expression was observed 3 days p.i., while the levels of cellular ACE, which is not used as a receptor, remained constant. The decrease in ACE2 is dependent on HCoV-NL63 replication efficiency.
